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The C-141 Aircraft
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Current C-141 fleet statistics

• Warner Robins AFB is the maintenance
depot station for the C-141 fleet

• Current active duty fleet size is ~102 aircraft
• C-141B is scheduled for retirement from

active duty in 2003
• C-141C (cockpit instrument/auto pilot

enhancements) will remain in service with
the Air Force Reserve and the Air National
Guard for the foreseeable future
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C-141 fuel booster pump
configuration
• Each C-141 has 20 electric fuel booster

pumps, 10 in each wing (one primary and
one backup pump for each of five tanks
in each wing)

• Pumps operate on 115/200 V,
3-phase 400 Hz AC

• Fuel booster pumps are rotary vane
centrifugal pumps of two types:
− auxiliary/extended range (~10 amps/phase)
−  main (~4 amps/phase)
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C-141 auxiliary electric fuel booster
pump
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C-141 auxiliary electric fuel booster
pump impeller
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Cost of unanticipated fuel pump
failures

• C-141 fleet has aircraft downtime of
~4000 hours/yr due to fuel booster pump
malfunctions

• Lost revenue of aircraft downtime is
~$17,800/day

• Total economic cost due to unscheduled
fuel booster pump failures is >$2M/yr

• Potential reduction in mission capable
status
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ORNL employs a phased approach to
develop algorithm for diagnosing fuel
pump condition
• Phase I – Demonstrate ability of electrical

signature analysis (ESA) to detect progressive
defects in fuel booster pumps (diagnostics)

• Phase II– Associate pump performance, defect
level, and electrical signature level, and validate
library of signature data

• Phase III – Develop real time algorithm for flight
line and depot use to provide forewarning of
the approach of malfunctions in fuel booster
pumps

• Status: Phase I is complete and Phase II is in
progress
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Current Signature Analysis
  

Motor Current Signature Analysis (MCSA)

Voltage Signature Analysis
  

Power Line Voltage Signature Analysis
  

Generator Voltage Signature Analysis

Power Signature Analysis
  

Combined Current and Voltage Signature Analysis

Electrical signature analysis (ESA)
encompasses a broad range of electrical
signature monitoring
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Information is extracted using signal conditioning and signature
analysis methods, many of which have been patented by ORNL.

An electric motor converts variations in running load into
variations in electric current.

ESA exploits the intrinsic ability of electric
motors and generators to act as transducers

ELECTRIC
MOTOR

MECHANICAL
LOAD

AC
POWER

SOURCE

MOTOR CURRENT MECHANICAL LOAD

+

0

-

+

0
Time Time

CURRENT
SENSOR



11

0

1

2

3

4

5

6

7

8

9

10

-0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

TIME (s)

M
O

T
O

R
 C

U
R

R
E

N
T

 (
A

)

0.00

0.05

0.10

0.15

0.20

0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0

FREQUENCY (HZ)

M
O

TO
R

 C
U

R
R

E
N

T 
(R

E
LA

TI
V

E
)

A

B D

C
E

F

G

Motor Current Time Waveform
(Transient Information)

I

J

K

L

M

N

Demodulated Motor Current Frequency Spectrum
(Periodic Information)

Motor inrush current

No - load current

Hammerblow current

Stem nut clearance time

Packing drag current

Stem coupling time

Unseating current

Worm gear rotation

Motor slip

Worm gear rotation sidebands

Worm gear tooth meshing

Motor speed

Worm gear mesh harmonic

A

B

C

D

E

F

G

I

J
K

L

M

N

Motor Operated Valve
(showing areas monitored by MCSA)

K

A

B

C

D

E

F

G

I

J

K

L

M

N

Total running currentH

H

H

ESA can provide many indicators of equipment
condition and performance



12

Electric current signals have been obtained and
analyzed using clamp-on current probes and a
laptop computer system

Laptop computer
data acquisition and 

analysis system

Clamp-on
current probes (4)
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A148 Phase T1 Raw Current Waveform (0 pph, 37.9 psi)

-15.00

-10.00

-5.00

0.00

5.00

10.00

15.00

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20

Time (s)

C
ur

re
nt

 (
A

)

The C-141 fuel booster pump motor current signal is
dominated by 400 Hz but also contains subtle
amplitude variations
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Aux Fuel Pump (90494A) S/N A148
Phase T1 RMS current
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Variations in motor current RMS magnitudes
are observed as flow rates change
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Aux Fuel Pump (S/N A148) Phase T1 Raw Current Spectra
For Three Flow Conditions (magnitudes offset for clarity)
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Many frequency components are present
in fuel pump motor current signals
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ORNL is developing means of exploring
relationships between several fuel pump
performance parameters
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Relationship with Pump and Motor DesignESA Parameter

Fundamental and second harmonic of motor speed (MS)1 x MS, 2 x MS

The slip-poles frequency reflects the difference between the
synchronous speed and the actual speed, multiplied by the
number of motor poles.  The magnitude of the slip-poles
peak increases with motor rotor bar degradation.

motor slip-poles

The pump has 4 impeller vanes.4 x MS

These harmonics represent multiples of 6x (the motor has 6
poles) or possibly a center frequency at 18x (the motor has
18 stator slots) that is modulated by 6x.

6 x MS, 12 x MS, 18 x MS,
24 x MS, 30 x MS, 36 x MS

The motor has 28 rotor bars.  56 = 2 x 2828 x MS, 56 x MS

54 = 3 x 18, where 3 = number of motor phases, 18 = number
of motor stator slots54 x MS

84 = 3 x 28, where 3 = number of motor phases, 28 = number
of motor rotor bars84 x MS

Several motor speed frequency harmonics in the
auxiliary pump frequency spectrum have been
identified that are related to pump and motor design
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Data Acquisition VI Data Analysis VI

LabVIEW TM virtual instruments (VIs) were
developed to assist in acquiring and analyzing pump
motor current signals
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Oklahoma City Air Logistics Center
(OC-ALC) pump curve data

• OC-ALC is the Air Force-designated site for repair
of aircraft fuel pumps

• To date, ORNL has acquired ESA data on 12 main
pumps and 9 auxiliary pumps at OC-ALC

• The OC-ALC pump curves from both main and
auxiliary pumps that pass the pressure/flow
criteria have a relatively small scatter band

• The OC-ALC pump curves from both main and
auxiliary pumps that fail the pressure/flow criteria
also have a relatively small scatter band

• The passing and failing pumps seem to fall into
separate tightly spaced groups
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Failure modes have been identified in the
Technical Order and in discussions with
OC-ALC and Wright Patterson Air Force Base
(WP-AFB) contacts
•  Foreign object damage (FOD)
•  Front carbon bearing wear
•  Rear carbon bearing wear
•  Front journal wear
•  Rear journal wear
•  Axial thrust washer wear
•  Impeller imbalance due to nicks/abrasion
•  Impeller/shroud blow by
•  Motor electrical failures
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Seeded fault demonstration pump curve
Example 1: Simulated levels of front journal wear
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Auxiliary Fuel Pump A1700
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Example 1:  Front journal wear in Pump A1700
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Seeded fault demonstration pump curve
Example 2: Simulated levels of axial thrust washer
wear
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Auxiliary Fuel Pump A3560
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Example 2:  Thrust washer wear in Pump A3560
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Seeded fault demonstration pump curve
Example 3: Simulated levels of rear journal wear
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Auxiliary Fuel Pump A3900
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ESA can also reduce downtime due to
unanticipated maintenance of other
equipment

• Flight control surface drive actuators
• Landing gear bay door actuators and

landing gear retraction mechanisms
• Motor-driven hydraulic pumps
• Integrated drive generators (IDG)
• Electric fuel shutoff valves
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ESA offers several benefits

• Non-intrusive and remote monitoring capability
• No equipment-mounted sensors required
• Applicable to high and low power equipment
• Large range of applicable analysis methods
• High sensitivity to a variety of disorders

− Degraded and misaligned motors and generators
− Worn bearings and gears, belt slippage
− Unstable process conditions
− Power system degradation
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Industrial and Power Plant Equipment
Motor-operated valves
Centrifugal water pumps
Gaseous diffusion plant compressors
Air compressors, fans, and blowers
Coal pulverizers

Government
Army ammunition delivery system
NASA propellant control valve
Navy fire and seawater pumps
Air compressors
Chilled-water systems

Consumer Products
Hand tools and home appliances

Transportation
Electric vehicle motors and alternators
Helicopter rotor and gearbox
Aircraft integrated drive generator

Manufacturing
Multi-axis machine tool
Nylon spinning machine motors

Commercial Equipment
Air conditioning systems
Gear boxes
Reproduction machine motors

Laboratory Equipment
Peristaltic pump
Vacuum pumps and centrifuges

ORNL has applied ESA as a diagnostic
technique on a variety of equipment
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Conclusions based on early test results
• ESA uses the fuel pump motor as the transducer, so

that no sensors need to be installed on the pump
• Motor current signals are acquired using

noninvasive clamp-on probes
• The fuel pump motor current signal is rich with

information
• Many ESA parameters have been identified that are

related to pump and motor design
• Several ESA parameters have shown sensitivity to

various types of simulated (implanted) degradation
• ESA is a powerful technology that is well suited for

C-141 fuel booster pump diagnostics


